Numerical modeling is increasingly used as a tool for environmental assessment and planning, including for Drinking Water Source Protection in Ontario as outlined in the Government of Ontario's 2006 Clean Water Act. However, modeling procedures are often inadequate in the organizational context and tight budgets. It remains a challenge to adapt these procedures such that they are transparent and efficient for watershed practitioners. This paper reviews and analyzes the application of the event-based approach, as defined in the technical rules to the 'Clean Water Act'.
Introduction
In the scientific community of hydrology, numerical modeling has become the standard method to assess environmental risks to surface water, such as contaminant spills. A number of procedures have been suggested to provide robust modeling procedures (e.g. Crout et al. ) and quantify uncertainty (e.g. Walker et al. ) . However, there exists a lack of guidelines that also take into account procedural barriers within a real-world organizational context of watershed management (Arnold ) , especially if multiple types of agencies collaborate (public institutions, private-sector consultants, academia). In such a context, only proper matching of modeling procedures with organizational constraints (capacity, funding, knowledge flow, timing) makes modeling a successful tool for governance. This paper aims to bridge the academic quest for robust methods in water governance and the reality of watershed management tasks in public organizations. Within the context of Ontario's initiative to protect drinking water sources for municipal intakes and the passing of the Clean Water Act (), a model-intensive scientific assessment was used to identify risks to source water. Some approaches were straightforward, while the so-called 'event-based approach' (EBA) challenged watershed practitioners and only some regions have applied it. In this paper, we review the legal context and the application of the EBA in the first round of the assessment report, which is expected to be updated and extended regularly. The objective of this paper is to work toward a simple, model-derived diagram that supports watershed managers in using public dollars efficiently by reducing modeling expenses. A distance-tointake/spill-quantity diagram (for a given maximum concentration level) suggests quantity ranges where model-based assessment is unnecessary, and also suggests ranges where only modeling can provide meaningful risk assessment.
Water Source Protection Assessment Report and also attempted by the author. The physical model components are presented below under 'The physical flow model'.
During the subsequent step of spill modeling, several limitations of the model were identified that lead to procedural problems. These are associated with the need to revisit assumptions repeatedly. The resulting iteration cycles of modeling lead to substantial cost increases. These are elaborated below under 'Spill modeling -a screening approach'.
Lastly, a new method is suggested that meets the regulatory requirements of the EBA and is scientifically sound, but also leads to a relatively simple result that avoids iteration cycles of modeling. This paper makes two academic contributions: it uses the procedural perspective to assess a governance process that is based on numerical modeling. It also offers a new method to apply the EBA within Ontario's Drinking Water Source Protection initiative.
Source water protection in Ontario
Ontario's Clean Water Act () helps communities to protect their municipal drinking water supplies by developing collaborative, locally driven, science-based protection plans.
The 'Act' establishes a framework for the development and implementation of source protection plans across Ontario.
The scientific basis of source protection planning are watershed-based assessment reports that include a watershed characterization, water budget, municipal long-term water supply strategies, groundwater and/or surface water vulnerability analysis, threats assessment and issues evaluation, and risk assessment for water quality and quantity. This scientific basis forms the basis for a source protection plan that defines a strategy, policies and measures to reduce or eliminate threats to drinking water quality (DWQ).
Under the Clean Water Act (), land use activities are identified as significant threats to DWQ in five manners:
1. If the quality of source water for a drinking water system has already deteriorated or is deteriorating, a DWQ issue is declared and contributing activities are significant DWQ threats.
2. Land use activities can pose a significant risk to the water source of a drinking water system. Under the threatsbased approach, activities that have a high hazard rating and are located within vulnerable areas are considered DWQ threats.
3. Contamination from historic activities (called conditions).
4. This paper deals with accident scenarios during extreme weather conditions. Under this EBA, land use activities are marked as a significant DWQ threat if they have the potential to interrupt the safe operation of a water supply, because a spill could be transported to an intake such that DWQ standards are exceeded (Ontario MOE , Part IV.6). The technical rules define an extreme event as either a period of heavy precipitation or winds up to a 100-year storm event; a freshet; or a surface water body exceeding its high water mark (Ontario MOE , Part I.1).
5. Furthermore, the 'Clean Water Act' empowers the Ministry of the Environment (MOE) to designate Great Lake targets and related contaminations would also be considered a significant DWQ threat.
DWQ threats and the EBA
The EBA is reserved to drinking water systems that rely on 'large' surface water bodies, which are surface water intakes located in the Great Lakes, and other large lakes, connecting channels, and the Ottawa River as specified in Rule 68 (Ontario MOE ) . To apply the EBA for assessing activities that may pose a threat to a drinking water system that is supplied by a large surface water body, three conditions must be fulfilled: Condition 1. 'An investigation must be requested' by the source protection committee.
Condition 2. 'Contaminant transport' from the location of the spill to an intake (in accordance with Rule 68).
Condition 3. 'Water quality deteriorates' at the intake as a result of the spill (in accordance with Rule 130).
Unlike the issue-based approach and the threats-based approach, the application of the EBA is not prescribed in the technical rules and can be applied under the discretion of the Source Protection Committee, but once it was shown that contamination can occur then the activities must be identified as a significant DWQ threat and adequate policies must be developed. To date, the financial burden for a model-based test remains with the Source Protection Authority and Provincial support.
Rules 68 and 130 apply, respectively, to determine the contaminant transport condition and the water quality deterioration condition. Methodologically, rule 68 prescribes 'modeling or other methods' and Rule 130 prescribes 'modeling', or 'another method used in accordance with rule 15.1' (explicit approval by the director at the ministry). These rules grant some discretion to the source protection committee for choosing an adequate method. Notably, the sentence 'if modeling shows' leaves many options and choices on how to apply modeling. Furthermore, an intake protection zone 3 (IPZ-3) needs to be delineated, but there is little technical guidance on how to do that.
Implementing the EBA using four steps A review of current practices for applying the EBA revealed that a great variety of interpretations of the technical rules were adapted by implementing agencies. The IPZ-3 has been interpreted as an area butting against intake protection zones 1 and 2 or as a connecting line between an activity and the intake (e.g. TRSPA ). If delineated as an area, the whole watershed was included according to condition 2 (e.g. LSRC , section 8.4.1.3), or only the area that envelopes all activities which were shown to be a significant DWQ threat (e.g. Conservation Halton ). Between two and eight extreme event wind scenarios were evaluated for testing flow conditions. Contaminants were mostly modeled as generic conservative tracers, but some areas tested positive and negative buoyancy as well (e.g. LSRC ). Spill quantities and spill durations were generally defined using expert opinion. In some cases, the total storage quantity was assumed to be spilled (marina fuel storage). In other cases, historical spills were selected (e.g. tritium spill at Pickering, pipeline rupture at Enbridge). Validation data were available mainly for the Lake Ontario collaborative study, where the 1992 Pickering tritium spill offers a rich data base. In other areas, calibration and validation data were minimal or not available. Potential future activities are only considered in two reports (Nottawasaga Valley).
Finally, many regions have postponed the application of the EBA to future assessment reports.
Apart from these differences, all regions have followed four work steps when applying the EBA:
Step 1. Prioritize spill scenarios (location, quantity and type of contaminant, duration of spill).
Step 2. Select set of storm conditions that reflect a 100-year extreme events.
Step 3. Physical modeling using 3D hydrodynamic models and storm conditions.
Step 4. Spill modeling using water quality models.
At the technical level, several assessment reports indicate the iterative nature of these work steps, because insights from latter steps may require revisiting earlier steps (e.g. Halton, Hamilton, Lake Simcoe, Nottawasaga). 
Overview and modeling approach in this paper
The four common work steps for the EBA were also the basis for this study, which examines the Great Lakes intake of the City of Owen Sound (Figure 1 ). Corresponding to work step 1, screening of agricultural, industrial and commercial land uses was performed in order to identify potential spills and a total of 20 sites were identified. Contaminants of concern include gasoline and its additives 
THE PHYSICAL FLOW MODEL Previous modeling work
The numerical modeling study builds on the delineation of intake protection zone 2 (IPZ-2), which is the 2-h time of water from the intake along the west coast. Based on the forward particle tracking results (Baird ) , it is possible that contaminants from the Pottawatomi River, the Sydenham River or sewage treatment plant outfall could reach the intake during south or south-west winds. Together, these diagrams highlight the variability of lake currents as well as their strong dependency on wind directions.
Model update with 100-year storm conditions
To apply the event-based approach and delineate the IPZ-3, existing models were updated to reflect 100-year storm conditions. For these conditions, the medium-scale WGBM was Wind-driven currents are the primary mechanism by which a spill may be transported to an intake in Georgian
Bay. At Owen Sound, storms from the NNE and SSW cause the critical conditions (Table 1) . Historical wind events were selected from the time series data and the magnitude of the wind speed was scaled to equal the 100-year event (the identified wind represents the predominant direction during the event, though direction varied). For each event, the model was run for 14 days.
Spill modeling and limitations of the four-step modeling process
For the model-based application of the EBA, our region initially followed a procedure based on the four work steps that lead to several limitations discussed further below.
For
Step 1, a screening was performed where all commercial and industrial land uses were visited and activities determined. Based on this screening, 20 potential spill scenarios were formulated. Many of these are located in the industrial area of Owen Sound, called Sydenham Heights.
Drainage is collected in a large storm sewer, the Kenny Drain, which discharges into the bay, at a distance of 800 m from the intake and within IPZ-1. Other potential spills could occur at the marina, the harbor, at a commercial park near the Pottawatomi River, and at the sewage treatment plant. Steps 2 (storm scenarios) and 3 (physical modeling) were described above under 'The physical flow model'. For
Step 4, contaminant spills were added to the flow vector field given by the physical model, each defined as the contaminant load of a spill (kg/s) and spill duration (s). During the modeling process, four limitations were identified that cast doubt on the viability of this approach.
Limitation 1: resolution of physical flow model and localized current regimes
After a typical rainfall event, Kenny Drain carries significant turbid water that is transported through a heavily armored drain, down the Niagara escarpment, and into Owen Sound Bay. The rapid flow velocity in the drain creates a plume with sufficient momentum such that it forms a jet that is carried into deeper waters in the bay and broadens where the water bottom slopes downward. There, the jet A modeling study that follows the four-step work flow Because it has been common practice that the modeling work is performed by external consultants in many regions, these litigations require additional consulting contracts by watershed managers and pose further risk for cost hikes.
SPILL MODELING -A SCREENING APPROACH Rationale
The four work step method that was commonly applied during the first round of assessment reports was chosen for several reasons: as good scientific practice; to be compliant with the technical rules; to reflect procedural The method that is proposed in the next section addresses all four limitations that were encountered, using the following insights:
• An infinite number of wind scenarios can exist that reflect the strengths, duration and runoff of a 100-year storm event. Because near-shore currents in the Great Lake are primarily determined by wind direction, an approach is preferable that reflects general flow characteristics rather than particular wind conditions.
• It is not feasible to predict the exact directions of mean- • Below-grid concentration peaks and fronts are not resolved by any contaminant transport model. However, especially in locations close to the intake where model resolution may artificially overestimate contaminant dilution, conservative interpretation of results is required.
Final results are applicable to any location and spill (as will be shown later) so that prioritization is not necessary and iterative modeling is avoided.
Methodology
• Nine locations were chosen in the vicinity of the intake where potential spills may occur. Some of these were identified during screening; others were added to increase representation of characteristic locations. The location, water depth and names of these test spills can be found in Figure 5 .
• The area where water depth resembles the intake depth was identified as the area between the gray and dark contour line ( Figure 5 ). This area is called the 'sensitive area'. In the example of Owen Sound, the depth was chosen between 11 and 12 m, reflecting the lake depth at the intake and the depth of the intake crib.
• Eight spills of increasing contaminant quantities were modeled at each location: 36, 100, 360, 1,000, 3,600, 10,000, 36,000, and 100,000 L.
• The Delft3D hydrodynamic modeling suite was used. In this package, physical and chemical modeling are two separate steps where the physical model computes currents and exports flow speed and direction as a vector field.
The chemical model uses these outputs and subsequently computes chemical dispersion, with options to specify buoyancy, decay, sedimentation and re-suspension, particle interactions, evaporation, reactions, and more.
• Numerical scheme 22 was applied, which uses a second order explicit transport scheme with flux correction • To reflect the lack of calibration data, the simplest parameterization of the contaminant and its transport was • The model was run for each spill and location. Multiple spills were conducted simultaneously to save runtime.
• Model results were analyzed and the maximum concentration within the water column was determined at any location and time, reducing the model output to a two dimensional time series.
• The location within the sensitive area was determined where
(1) a concentration threshold is reached and that (2) is most distant from the spill location. Several concentration thresholds were used (0.5, 0.1, 0.05, 0.01, and 0.005 mg/L).
Results
A table was generated that specifies storm event scenario, spill location, spill quantity, and the maximum distance where each concentration threshold was exceeded within the sensitive area. Table 3 shows an extract from this table   for a single spill location, the Kenny Drain (the full table   can be accessed as an Appendix, available online at http://www.iwaponline.com/wqrjc/050/017.pdf).
Results were further aggregated by taking the minimum/ maximum and average distance from all spill locations and storm scenarios and then reducing the data set by two
In these equations, D E,L,Q,C is the longest distance D under storm scenario E where the water concentration exceeds a DWQ threshold C within the sensitive area after a hypothetical spill {L, Q} with contaminant quantity Q at location L.
• Equation (1) describes the 'minimum' longest distance for a given spill quantity Q and concentration threshold C, identified among all storm scenarios E and all spill locations L. This is the distance where modeling indicates that drinking water contamination can occur in all modeled scenarios. If a potential spill location with a contaminant quantity Q and a drinking water threshold C of that contaminant is closer to the intake than D min C (Q), then it is 'almost certain' that the spill can result in an exceedance of the concentration threshold at the intake.
The activity that is closer to the intake than D min C (Q) and can result in a spill of quantity Q of contaminant C would thus be considered a significant DWQ threat.
• Equation (2) describes the 'maximum' longest distance where the contaminant plume after a spill Q and a concentration threshold C, among all storm scenarios E and all spill locations L. D max C (Q) represents a 'most conservative' estimate of the distance between a spill location and the intake such that a DWQ threshold 'could' be exceeded during an extreme event. If an activity where a spill {Q, C} may occur is further away then D max C (Q), then it is NOT a significant DWQ threat.
• To support decision-making, a third equation is defined that looks at a typical distanceD C Q ð Þ that a contaminant plume is transported within the harbor area, defined using the arithmetic meañ
• Equation (3) describes a 'typical' distance at which a plume can exceed a concentration threshold C within the sensitive area.
For each concentration threshold C, generic quantity-distance diagrams can be drawn using Equations (1) Equations (1) and (2) by using distance and total spill quantity only. If a potential spill scenario falls above the line of Equation (2) (low risk), then the activity associated with a potential spills is not a significant threat. If the potential spill is below the bottom line defined by Equation (1), then it is very likely a significant drinking water threat under the EBA. In both cases, extensive numerical modeling is not necessary.
The area between these two equations reflects higher uncertainty. We distinguish two cases: the potential spill is below the mean travel contaminant transport distance that exceeds the DWQ standard,D C (Q), but above the line of Equation (1) that is associated with a 'high' likelihood. This potential spill is likely a significant DWQ threat and could thus be identified such that source protection policies apply. Finally, the area below Equation (2) and above Equation (3) marks an area where the likelihood that a DWQ threats under the EBA due to their potential for large Benzene spills. For these, the assessment reports stated the location of the spill, the distance to the intake, the spill quantity, and for some of these also the concentration of the contaminant at the intake (see Table 4 ; see also Appendix, Benzene (assuming 2% of the oil) at a crossing of the pipeline with a creek or river, which drains into Lake Ontario (Figure 6 ), dots on the far right). All pipeline spill scenarios that were considered 'significant' DWQ threats fall beneath the limit D min C¼0:005 Q ð Þ (Equation (1)). Except for one smaller spill scenario, all other spill scenarios are also closer to the intake than the 'average' plume travel distance marked by Equation (3), which marks 'typical' significant threat likelihood. For one single spill that was identified as significant threat in another region using numerical modeling, the method proposed in this paper suggests 'maybe significant'. Here, the proposed screening method lacks specificity and recommends that the watershed manager must address uncertainty, either by advanced modeling or by applying the precautionary principle. The proposed methodology could be corroborated further using more recent IPZ3 studies, by testing whether the graph predicts the significance level of other potential spills adequately.
The risk level of most combinations of distance D from the intake and potential spill quantity Q of a contaminant C can be immediately determined as 'significant' or 'not significant' with the proposed methodology. However, it cannot resolve the uncertainty associated with the combinations that fall between Equations (1) and (3) (labeled 'maybe significant' in Figure 6 ). Here, the watershed manager has three options: The precautionary principle can be applied and the activity is deemed 'significant threat' unless proven otherwise. Then, the burden of proof may be reversed, such that it becomes the land owner's responsibility to prove that an activity is 'not' a significant threat.
Alternatively, the watershed manager may deem the activity safe, unless a third party proves it to be a potential threat 
